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Expression of NHE-3 in the apical membrane of rat renal proximal
tubule and thick ascending limb. Apical membrane Na/H exchange is a
principal mechanism of renal proximal tubule Na absorption and H
secretion, and thick ascending limb H secretion. Based on current data on
Na/H exchanger isoforms (NHE-1 to 5), NHE-3 is the likeliest candidate
for the apical membrane isoform. The present study localizes NHE-3 in
rat kidney using polyclonal antisera against cytoplasmic epitopes of rat
NHE-3. These antisera recognized an ---87 kD protein in Na/H exchanger-
deficient cells transfected with the rat NHE-3 gene but not in mock-
transfected cells. All antisera labeled an —87 kD protein in plasma
membranes from cortex and outer medulla. Fractionation of cortical
membranes showed labeling in apical but not basolateral membranes.
Cross linking studies suggested existence of oligomerie forms of the
transporter. Immunohistochemistry showed strong staining of the apical
membrane of Si convoluted, and S2 convoluted tubule with lesser staining
of the S2 straight tubule and absent staining of S3. Weak staining was
observed in thin descending limbs in the inner stripe and intense staining
was seen in the apical membrane of medullary and cortical thick ascending
limbs. NHE-3 staining was absent in the remainder of the nephron. In
summary, NHE-3 is the isoform responsible for NaCI and NaHCO3
absorption in the proximal convoluted tubule, and NaHCO1 absorption in
the thick ascending limb. In the S3 proximal tubule and the distal
convoluted tubule, apical membrane Na/H exchange activity is likely
mediated by other isoform(s) of the NHE family.
The mammalian renal proximal tubule absorbs 80% of the
HCO1 and 50% of the volume filtered at the glomerulus [1]. In
this segment, the apical membrane Na/H exchange mediates two
thirds of the transcellular NaHCO3 and all of the transcellular
NaC1 transport [2—4]. Regulation of proximal tubule NaHCO1
and NaC1 transport is associated with regulation in apical mem-
brane Na/H exchange activity. In the thick ascending limb, a
further 50 to 70% of HCO1 delivered out of the proximal tubule
is absorbed, a process that is also mediated by apical membrane
Na/H exchanger [1, 5]. In the mouse cortical thick ascending limb,
apical Na/H exchange also contributes to NaC1 absorption [61.In
addition to HCO5 and volume absorption, the apical membrane
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Na/H exchanger has also been postulated to mediate NH4
transport in the proximal tubule [7—9].
Five isoforms of the NHE multigene family has been cloned to
date [10—16]. Based on data from transcript distribution [14, 15],
measurement of inhibitor kinetics [17], ontogeny [18], and regu-
lation by glucocorticoids [19, 20], NHE-3 has been postulated as
the most likely candidate to mediate Na and H transport on the
luminal membrane of epithelia. Although there is one report
suggesting that the NHE-1 may be in the apical membrane [21],
immunohistochemical studies in the rabbit have indicated that
NHE-3 is located on the apical membrane of the proximal tubule
but not in the thick ascending limb [221. We developed and
characterized three specific antisera against the rat NHE-3 pro-
tein and examined the distribution of NHE-3 in rat kidney using
immunoblots and immunohistochemistry.
Methods
Production of rat NHE-3 fitsion protein and anti-NHE-3 antisera
Three polyclonal anti-NHE-3 antisera were prepared. Antibody
#1314 was directed against a fusion protein containing the whole
cytoplasmic domain of rat NHE-3 (NHE-310; aa 405 to 831) [15].
NIIE-3cYtO was cloned into the isopropylthio-f3-D-galactoside
(IPTG)-inducible bacterial expression vector pMAL-c2 [23] 3' to
and in-frame with the coding sequence for maltose binding
protein (MBP). The fidelity of the construct was confirmed by
direct sequencing. The plasmid was transformed into E. coli and
expression of the recombinant fusion protein was induced by 0,3
mM IPTG at 30°C. The induced chimera was purified from the
lysed bacterial broth by amylose column chromatography (New
England Biolabs, Beverly, MA, USA). MBP without NHE-3
sequences (induced from BL21 transformed with pMAL-c2 plas-
mid) were also purified as controls. Purified proteins were injected
into rabbits subcutaneously as well as intraperitoneally (100
xg/animal) in Freund's adjuvant and the rabbit antiserum was
harvested at 12 and 15 weeks post-injection. In addition, two
anti-peptide antibodies were generated against YSRHELT-
PNEDEKQ (rat NHE-3 aa 633 to 646; antiserum #1566) and
DSFLQADGPEEQLQ (rat aa 809 to 822; antiserum #1568) [15].
Synthetic peptides with N-terminal cysteines were coupled to
keyhole limpet hemocyanin and injected into rabbits as described
above and the antisera was obtained at 12 weeks.
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Generation and culture of stable NHE-3 expressing cell lines
(AP-JINHE-3)
Na/H exchanger-deficient Chinese hamster ovary AP-1 cells (a
gift from Dr. Sergio Grinstein, Toronto, Canada) [24] were
maintained in Eagle a-modified complete minimal essential me-
dium (Sigma, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY, USA), 100 U/mI peni-
cillin, and 100 sg/ml streptomycin (Whittaker, Walkersville, MD,
USA). Full length coding rat NHE-3 (nt 50—4980; provided by Dr.
John Orlowski, Montreal, Canada and Dr. Gary Shull, Cincinatti,
OH, USA) [15] was cloned into pCMV-5 (gift from Dr. David
Russell, Dallas, TX, USA) [25].AP-1 cells were co-transfected by
CaPO4 coprecipitation [26] with the NHE-3 expressing plasmid
(15 g/100 mm dish) along with ChllO/13-gal (6 tg/100 mm dish)
[27] to monitor transfection efficiency and pSV4O/neo [28] (6
g/100 mm dish) to permit selection (AP-1/NHE-3 cells). Control
transfectants (AP-1/pCMV) were treated in an identical fashion
except the pCMV5 expression vector did not bear the NHE-3
insert. Transfectants were selected with 0.4 mg/ml G418 (Gibco)
48 hours post-transfection and surviving clones were maintained
in 0.2 mg/mI G418. Two weeks after transfection, G418-resistant
clones were subjected to acid selection as described by Franchi,
Perruca-Lostanlen and Pouysségur [29]. Briefly, 70% confluent
cells were equilibrated in a NH3/NH4 solution (in mM: 50
NH4C1, 70 choline Cl, 5 KCI, 1 MgCI2, 2 CaCl2, 5 glucose, 15
MOPS pH 7.0) at 37°C for 30 minutes and then in a nominally
CO2-free Na solution (in mM: 120 NaC1, 5 KC1, 1 MgC12, 2 CaCI2,
5 glucose, 15 MOPS pH 7.0) for one hour at 37°C. This process
was repeated every two to three days for two weeks. The
AP-1/pCMV5 controls were not subjected to acid selection.
Double selection yielded cells with more highly enriched and
consistent NHE activity compared with G418 selection alone. An
identical round of acid selection was performed on the pooled
transfectants every three to four months.
Preparation of plasma membranes from rat kidney and
cultured cells
Kidneys were removed from mactin (100 mg/kg body wt)-
anesthetized Sprague-Dawley rats (200 to 250 g; Sasco) and rinsed
in ice-cold phosphate-buffered saline. Outer cortex, inner cortex,
outer medulla and inner medulla were dissected and homoge-
nized separately in isolation buffer (in mM: 300 sucrose, 18
Tris-HC1 pH 7.4, 5 EGTA; in tg/ml: 100 PMSF, 2 leupeptin, 2
aprotinin) in a Teflon-glass homogenizer. For experiments com-
paring membrane versus cytosolic distribution, homogenates from
outer and inner cortex were combined and pelleted at 100,000 X
g (Beckman TLX: TLAIOO.3 rotor, 20,000 rpm, 15 mm, 2°C). The
resultant supernatant was designated cytosolic. For experiments
examining the polarity of distribution of NHE-3, a modified
method of Grass! and Aronson was used to seperate apical from
basolateral membranes [30]. Cortical homogenates were fraction-
ated by isopyknic centrifugation through an isoosmotic self-
orienting 12% (vol:vol) Percol (Pharmacia, Piscataway, NJ, USA)
gradient at 41,400 X g (Beckman J2 to 21: JA-20 rotor 18,500
rpm, 60 minutes, 4°C). Fifteen fractions were collected by bottom
displacement. Fractions 11 to 14 were enriched in apical mem-
brane (ratio of specific activity of enzyme markers compared to
cortex: leucine aminopeptidase 7.5, Na,K-ATPase 0.9) and frac-
tions 2 to 4 were enriched in basolateral membranes (leucine
aminopeptidase 0.8, Na,K-ATPase 11). The appropriate fractions
were pooled and Percol was removed from the membranes by
centrifugation (Beckman L8 to 70 M: 7OTi rotor, 40 minutes, 4°C).
The membrane pellets were manually separated from the Percol
pellets, suspended in isolation buffer and stored at —70°C until
use.
To harvest membranes from cultured cells, AP-1/NHE-3 or
AP-1/pCMV cells were lysed in membrane buffer (in mM: 150
NaCl, 50 Tris pH 7.5, 5 EDTA; in tg/ml: 100 PMSF, 2 leupeptin,
2 aprotinin) at 4°C by Dounce homogenization and the membrane
fraction was pelleted at 100,000 X g [Beckman TLX: TLA100.3
rotor, 20,000 rpm, 15 minutes, 2°C1 and stored at —70°C in
isolation buffer until use. Protein concentrations were determined
by the method of Lowry et al [31].
Measurement of immunoreactive protein
Plasma membranes from rat kidneys or cells were pelleted at
100,000 x g (Beckman TLX: TLA100.3 rotor, 20,000 rpm, 15
minutes, 2°C) and reconstituted in 1 X SDS buffer (1% SDS, 20%
glycerol, 2% 2-mercaptoethanol, 10 mM Tris pH 6.8), separated by
SDS-polyacrylamide electrophoresis (PAGE) and electrotrans-
ferred to nitrocellulose membranes. Membranes were sequen-
tially incubated with the primary antibody (1:500 to 1:750 for
#1566 and #1568; 1:750 to 1:1000 for #1314) followed by
peroxidase-coupled goat-anti-rabbit secondary antibody (1:2000).
Labeling was detected by enhanced chemiluminescence (ECL,
Arnersham, Arlington Heights, IL, USA) [32]. Anti-MBP anti-
body was purchased commercially (New England Biolabs) and
used at 1:5000 dilution. For experiments examining antisera
binding specificity, the primary antisera were preincubated with
either 20 to 40 ig/ml fusion protein or 50 g/ml of the appropriate
peptide at 4°C for one hour prior to exposure to the nitrocellulose
membranes.
In vitro chemical cross-linking was performed by suspending
membranes in 150 mi NaCI, Na2PO4 20 mM, pH 7.5. The
lipid-soluble cross-linking agent disuccinimidyl suberate (DSS;
final concentration of 0.2 mM) (Pierce, Rockford, IL, USA) or its
vehicle (1% vol:vol DMSO) was added and the membranes were
incubated at 4°C for two hours. The reaction was quenched with
50 mM Tris pH 8.1 and 5 >< SDS buffer was added to prepare
sample for SDS-PAGE and immunoblot.
Immunohistochemistiy
Binding of antisera (#1314 against MBP/NHE-30 and #1566
against aa 633 to 646) was detected by immunohistochemistry in
renal tissue of four adult male Wistar rats (BRL, Füllinsdorf,
Switzerland) and 10 adult male Sprague-Dawley rats (Sasco,
Omaha, NB, USA) weighing between 180 and 280 g. Rats were
anesthetized with Thiopental (Trapanal; Byk Gulden, Konstanz,
Germany; 10 mg/100 g body wt i.p.) and kidneys were fixed for five
minutes by vascular perfusion through the abdominal aorta as
described previously [33]. The fixative consisted of 3.0%
paraformaldehyde and 0.05% picric acid in a 6:4 mixture of 0.1 M
cacodylate buffer (pH 7.4, adjusted to 300 mOsm with sucrose)
and 10% hydroxyethyl starch in saline (HAES sterile, Fresenius
AG, Germany). After five minutes, the fixative was washed out by
perfusion with 0.1 M cacodylate buffer for five minutes. Coronal
slices of the fixed kidneys were mounted on small cork-disks,
frozen in liquid propane cooled by liquid N2, and stored at —80°C
until use.
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Fig. 1. SDS-polyac,ylamide (7.5%) gel electrophoresis of the purified MBP/NHE0fusion protein mixed with pure MBP. Lane 1 shows the Coomassie blue
stain of the gel. Lanes 2 to 6 are immunoblots with the appropriate antisera as indicated. Antisera were preincubated with the appropriate peptides in
lanes 4 and 6.
Serial sections, 3 to 4 im thick, were cut in a cryostat and
placed on chrome alum gelatine-coated glass slides. After pre-
treatment of sections with 10% normal goat serum, the sections
were incubated with the anti-NHE-3 antisera in a humidified
chamber at —25°C. The antisera were diluted in PBS with 0.5%
bovine serum albumin (PBS-BSA) 1:200 to 1:800 (#1314) or
1:2000 to 1:8000 (#1566). After repeated rinsing in PBS, binding
sites of the primary antibodies were detected with fluorescein
isothiocyanate (FITC)-conjugated swine-anti-rabbit IgG (Dako-
patts, Glostrup, Denmark) or with a conjugated donkey-
anti-rabbit IgG (Jackson Immuno Research Labs, PA, USA).
Finally, the sections were rinsed three times with PBS, mounted in
DAKO-glycergel® (Dakopatts) containing 2.5% 1,4-diazabicyclo
[2, 2, 2,]octane as fading retardant, and studied by epifluorescence
microscopy (Polyvar, Reichert-Jung, Austria). For controls, con-
secutive sections were incubated with either nonimmune sera,
using the same dilutions as with the antisera, or the anti-NHE-3
antisera preabsorbed for one hour with the corresponding im-
munogen (MBP/NHE-30, 200 jrg/ml; or the antigenic peptides,
20 p.g/ml).
Results
Characterization of the fitsion protein and the anti-NHE-3 antisera
In Figure 1, MBP/NHE3eyto fusion protein mixed with purified
MBP was separated on SDS-PAGE. The fusion protein from
various preparations was consistently seen as two bands migrating
at —115 and —-90 kD (lane 1). By immunoblots, anti-MBP
detected both bands of the fusion protein as well as MBP (lane 2).
Antiserum #1566 (against aa #633 to 646) detected both bands of
the fusion protein (lane 3) and antiserum #1568 (against aa #809
to 822) detected only the slower migrating band (lane 5). Speci-
ficity was demonstrated by the ability of the peptides to com-
pletely block the binding (lanes 4 and 6). Neither anti-NHE-3
antisera bound pure MBP. The corresponding pre-immune sera
labeled neither the fusion protein nor MBP (not shown). These
findings demonstrate that MBP/NHE-30 contains NHE-3 cyto-
plasmic sequences and the shorter form of the fusion protein is
likely a product of premature termination of bacterial translation.
Anti-fusion protein antiserum #1314 detected a single 87 kD
band in membranes from AP-1/NHE-3 cells (NHE-3, Fig. 2). No
labeling was observed in membranes from wild type AP-1 cells
Fig. 2. Immunoblot of plasma membranes (20 pg/lane) harvested from wild
type AP-1 cells (WT), AP-1 cells stably-transfected with the expression
plasmid pCMT/5 and a neomycin-resistance gene (pCMV), and AP-1 cells
stably-tranfected with rat NHE-3 (NHE.3) using antisemm 1314 (1:750).
NHE-3 + FP: Antiserum was preincubated with 40 pg/mI fusion protein
prior to labeling.
(WT, Fig. 2) or in AP-1 cells transfected only with the neomycin-
resistant gene and the pCMV expression vector (pCMV, Fig. 2).
Preincubation of the antisera with purified fusion protein com-
pletely inhibited the binding (NHE-3+FP, Fig. 2). Identical
results were obtained with the two antipeptide antibodies (#1566
& #1568) with complete inhibition of binding by the appropriate
peptides (not shown). Immunoblots with all pre-immune sera
were negative (not shown). These studies demonstrate that all
three antibodies specifically recognize rat NHE-3.
Antiserum 1314 + fusion protein
/
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NHE-3 is an --87 kD plasma membrane protein in rat cortex and A
outer medulla
Figure 3A shows the results of immunoblots of rat kidney
membranes. The anti-fusion protein antiserum #1314 detected an
approximately 87 kD band in whole cortical homogenate and in
the cortical plasma membrane fraction but not in the cytosolic
fraction. When cortical membranes were separated into apical
versus basolateral enriched fractions, antiserum #1314 detected
only the apical membrane fraction. With prolonged exposure,
faint staining of a similar size band could be visualized in the
basolateral fraction. This likely represents some degree of apical
membrane contamination of the basolateral fraction due to
imperfection of the Percol gradient separation. When antiserum
#1314 was first incubated with the MBP/NHE-30 fusion pro-
tein, all binding was blocked (Fig. 3B). When the antiserum was
preincubated with MBP alone, labeling was not affected (not
shown). Pre-immune serum from the same animal failed to detect
any protein from rat cortex (not shown).
The two antipeptide antisera (#1566 and #1568) directed
against two different epitopes showed similar results. Figure 4 is a
typical immunoblot showing binding of the apical membrane
fraction by these two antisera. Preincubation of each of the
antisera with the appropriate peptide completely blocked the
binding. Preincubation with unrelated peptides did not affect the
labeling (not shown). On most but not all immunoblots, a band
migrating at approximately 180 kD could be visualized (Figs. 4
and 5). As with the 87 kD band, detection of this slower migrating
band was completely blocked with the appropriate peptide im-
munogen. Pre-immune sera from each of the animals did not bind
to any proteins (not shown). The relative intensity of the 180 and
87 kD band was variable from experiment to experiment. When
membranes were covalently cross linked with DSS prior to
SDS-PAGE, the labeled band was shifted primarily to the 180 kD
band along with emergence of two very slowly migrating bands
(Fig. 5). The two high bands were approximately 240 to 260 kD
and 330 to 400 kD as deduced on a long 5% gel, although
estimates for molecular weights are very imprecise in this range.
The sizes of these slow migrating bands are compatible with
NHE-3 oligomerization.
Figure 6 compares the distribution of NHE-3 in plasma mem-
branes from different regions of the rat kidney. Intensity of
antisera binding was equivalent in outer cortex, inner cortex and
outer medulla but was absent in inner medulla. In summary, the
immunoblot data demonstrate that NHE-3 is a plasma membrane
protein that is present in rat renal cortex and outer medulla. In the
cortex, it is located primarily on the apical membrane.
Immunohistochemistiy
By immunohistochemistry, the binding patterns of the antisera
against the NHE-3 fusion protein (#1314) and against the NHE-3
peptide (#1568) were congruent. The anti-fusion protein anti-
serum yielded a higher background than that against the peptide.
Prominent labeling was observed in the cortex and in the outer
medulla (Figs. 7 and 8), whereas very weak staining was present in
the outer third of the inner medulla (Fig. 8). In all instances
staining was restricted to the luminal membranes of epithelial
cells. The brush borders of SI and S2 proximal tubule segments
revealed similarly strong binding (Fig. 9). Staining intensity
strongly decreased along S2 in the medullary ray (Figs. 7 and 1OA)
and was absent in S3 segments in the deep cortex and in the outer
Fig. 3. (A). Immunoblot of rat cortical tissue (10 pg/lane) with antiserum
1314 (1:750). Different fractions are as indicated. (B) Antiserum was
preincubated with fusion protein prior to labeling.
stripe (Fig. 7). Although much weaker than in proximal Si and S2
segments, distinct staining was present in the luminal membrane
of many intermediate tubules (tubular segment between proximal
Antiserum 1314
ti r    fusion protein
1/
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Fig. 4. Immunoblot of rat cortex apical
membranes (18 pg/lane) with the two antipeptide
antisera #1566 (aa 633 to 646
YSRHELTPNEDEKQ; 1:750) and 1568 (aa 809
to 822 DSFLQADGPEEQLQ; 1:500), with and
without preincubation with the appropriate
peptide.
Fig. 6. Immunoblot of plasma membranes (26 pg/lane) from different
regions of rat kidney using antiserum #1566 (1:500).
74 —
Fig. 5. Immunoblot of rat cortical apical membranes (20 aug/lane) Ofl U
7.5% gel. Membranes were treated with either the cross linking agent DSS
or vehicle and incubated with antiserum #1314 (1:500). Molecular weight
standards are shown on the left.
tubule and thick ascending limb) [34] in the inner stripe situated
in the interbundle compartment (Figs. 8 and 11). Intermediate
tubules, immediately adjacent to the vascular bundles, were
negative (Fig. 11). Weak staining was also observed in some
intermediate tubules in the upper third of the medulla, suggesting
descending limbs of long loops also express the protein. Ascend-
ing thin limbs were in all instances unstained. In contrast, the
luminal membrane of the thick ascending limb of Henle's loop
was strongly labeled with the antisera (Figs. 7, 8, and 11). Binding
by the luminal membrane of thick ascending limb cells decreased
along this segment in the cortical medullary ray (Fig. 7) and
ceased sharply at the transition to the distal convoluted tubule
(Fig. 12). The macula densa cells were usually more weakly
stained than the surrounding thick ascending limb cells (Fig. 12).
All tubule cells downstream of the thick ascending limb were
unstained (Figs. bA, 11, and 12).
In Wistar rats, but not in Sprague-Dawley rats, diffuse immu-
nostaining was consistently apparent in podocytes within the
glomeruli. The staining was markedly stronger with the anti-fusion
protein antiserum than with the antipeptide antiserum. After
preabsorption with the respective immunogen, binding was com-
pletely inhibited at all tubular sites (Figs. lOB and 11B), but only
incompletely blocked in podocytes. Thus, it can be concluded that
NHE-3 is expressed in the luminal membranes of Si and S2
1210 Amemiya et al: NHE-3 expression in rat kidney
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Fig. 7. Overview on the distribution of NHE-3 immunoreactivity in cortex and Outer stripe of outer medula in rat kidney. Binding of antiserum is prominent
in proximal tubules (arrows) in the cortical labyrinth but weak or absent in the medullary rays (delimited by a dotted line from the labyrinth). In the
outer stripe of the outer medulla, thick ascending limbs (arrowheads) are stained exclusively; their staining decreases along the medullary rays.
Antiserum #1314, visualized by immunofluorescence with a Cy3-conjugated sheep-anti-rabbit serum on a cryostat section (X80; bar —100 xM).
segments of proximal tubule, in type 2 epithelium of intermediate
tubules and in the thick ascending limb.
Discussion
Na/H exchange across a lipid membrane is a fundamental
biological function ubiquitous throughout the animal kingdom. In
mammalian cells, it provides a mechanism for transmembrane
signalling, regulation of cell pH and volume, and transepithelial
Na and HCO3 transport [1, 35]. These diverse functions are
subserved by members of a multigene family [10-16]. In renal
epithelia, Na/H exchange in the apical membrane of the proximal
tubule and thick ascending limb mediates transepithelial transport
and thus plays an important role in regulation of systemic
acid-base balance and extracellular fluid volume [1].
We generated a multiple epitope antiserum against the entire
cytoplasmic domain of NHE-3 and two anti-peptide antisera. All
three antisera specifically detected an —87 kD and a fainter -—180
kD protein in cortical membrane fractions enriched in apical
membranes and not in basolateral membranes or cytosol. The
mobility of the —180 kD band and the cross linking data are both
compatible with a NHE-3 dimer. Presently, it not known whether
this is a NHE-3 homodimer. The appearance of the extremely
slow migrating bands upon cross linking is compatible with trimers
and tetramers. With the present data, one cannot rule out the
possibility that NHE-3 may be cross linked to other associated
proteins. Using cells transfected with the NHE-1 and NHE-3
genes, Fafournoux and coworkers described the existence of
NHE-1 and NHE-3 dimers on denaturing gels, confirmed the data
with cross-linking, and provided evidence for lack of NHE-1/3
heterodimerization [361. Fliegel, Haworth and Dyck demon-
strated NHE-1 dimerization in human placental membranes
based on sulfhydryl-dependent mobility shifts on immunblots [37].
The present study suggests the presence of NHE-3 dimerization in
its native renal membrane under reducing conditions in the
presence of ionic detergents. The purpose of oligomerization is
presently not understood although this phenomenon has been
described in other membrane transporters [38, 39]. Otsu et al had
previously postulated a model of functional oligomerization of rat
renal cortical apical membrane Na/H exchanger that facilitates
co-operative Na binding based on pre-steady state kinetics [40,
41].
Biemesderfer et al localized NHE-3 exclusively to the apical
membrane of the proximal tubule only in the rabbit nephron [22].
The present study in the rat shows similar but slightly different
results. Both fractionation and immunohistochemical data indi-
cate that NHE-3 is present in the apical membrane of the rat
proximal tubule. in the proximal tubule, NHE-3 is most abundant
in the apical membrane of Si and convoluted S2, less abundant in
straight S2, and absent in S3. Prior physiologic studies have shown
greater rates of HCO3 absorption in convoluted compared to
straight proximal tubule [42]. Our results suggest that quantitative
differences in NHE-3 expression may contribute to the axial
heterogeneity. Liu and Cogan found considerably higher absorp-
tive capacity for HCO3 and volume but not chloride in the first
mm as compared to more distal parts of the proximal convoluted
tubule [43]. Axial heterogeneity of apical membrane Na/H ex-
changer activity has not been examined for by direct measurement
in the rat. Our results suggest that differences in NHE-3 expres-
sion do not contribute to this latter form of axial heterogeneity.
Our data are in agreement with the studies of Baum et al in the
rabbit finding similar levels of Na/H exchanger activity in the
initial part of Si compared to random proximal convoluted
tubules and decreased activity in S2 straight tubule [441.
In addition to the proximal tubule, we also found weak NHE-3
staining in the descending limbs of probably long loops of Henle.
Internephron and interspecies differences have been described in
this segment. In the rat, basolateral Na,K-ATPase is present in
long thin descending limbs but is absent in short loops [45], and
Fig. 9. /ntntono.stautuig Jar .\I 11:',? ii, the ('oflftaI labyrinth. NI I E—3 pane in
is detected in tic brush border cii SI and 52 segmen is ui I he proximal
tubules. Expression of the protein is similar in both segments: antiserum
#1 56K visualized by inimunofluoreseence with ci III C-c H ugatcd swine-
anti—rabbit serum on a crvosicii section: magniiicciiious '365: bar Sit )2M.
changer activity has been described in the rabbit thin descendinv
limb although amiluride kinetics for this transporter have not
been defined [51].
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Fig. 8. Overview on the distribution of NHE-3 immunoreactivity in the
medulla of rat kidney. Prominent staining of thick ascending limbs (arrow-
heads) starts at the transition from the inner zone to the inner stripe and
extends throughout the inner stripe into the outer stripe (outer and inner
stripes are delimited by a dotted line). In addition, descending limbs
(arrows) in the inner stripe are lightly stained; their staining extends into
the inner zone where it gradually disappears. Technique as in Figure 6;
magnification X80; bar —100 M.
Na permeability is much higher in the upper portion of long
descending limbs compared to short descending limbs [46, 47].
Direct measurement of Na/H exchanger activity has not been
performed in the rat thin descending limb. Overall, our immuno-
histochemical localization of NHE-3 correlates to a certain degree
with the physiologic evidence of possible active Na absorption in
long descending limbs. It is conceivable that apical membrane
NHE-3 may participate in Na absorption in this segment. Al-
though carbonic anhydrase is present in the descending limb in
the rat [48], it is controversial whether there is active H secretion
in this segment [1]. Presently, the role of apical membrane Na/H
exchange in the thin descending limb is not completely under-
stood. In contrast to rats, rabbits have very low Na permeability
[47, 49], lack internephron heterogeneity [47], and do not stain for
Na,K-ATPase [44], carbonic anhydrase [501 or NHE-3 [22] in the
thin descending limb, Interestingly, apical membrane Na/H ex-
changer activi  scri d i   e g
li l i o inetics for this trans rter 
been defi ed [
In contrast to the thin descending limb, the thick ascending limb
has abundant NHE-3 staining. In the rabbit, no NHE-3 staining
was described in the thick ascending limb [22]. This species
difference is in congruence with the physiology of acidification in
the thick ascending limb. Although Na/H exchanger activity has
not been directly measured, no significant HCO3 absorption [521
or luminal carbonic anhydrase staining [50] was found in the
rabbit thick ascending limb. In contrast, rat medullary and cortical
thick ascending limbs possess carbonic anhydrase [481 and absorb
HCO3 [53]. In addition, HCO3 absorption is inhibited by luminal
amiloride or Na removal, suggesting that HCO3 absorption is
mediated by an apical membrane Na/H exchanger [61. In the
mouse cortical thick ascending limb, apical Na/H exchange cou-
pling with Cl/HCO3 exchanger also mediates NaCI absorption [61.
Although amiloride kinetics have not been performed on this
exchanger in either species, our results suggest that apical Na/H
exchange in the thick ascending limb is most likely mediated by
NHE-3.
There is significant bicarbonate reabsorption in the early distal
convoluted tubule in the rat [54, 55]. In this segment, bicarbonate
absorption is inhibited by luminal ethylisopropylamiloride (1O
M), suggesting that luminal acidification is mediated by an apical
membrane Na/H exchanger [53]. Pharmacologic characterization
of this transporter has not been performed. The abrupt absence of
staining at the cortical thick ascending limb-distal convoluted
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Fig. 10. Medullaiy ray. (A) Immunostaining for NHE-3 with antipeptide antiserum #1566 shows that the luminal membranes of thick ascending limbs
(T) are heavily stained, collecting ducts (CD) are unstained; compare the weak staining of S2 segments of proximal tubules in the medullary ray with
the strong staining of Si in the labyrinth. (B) After preinucbation of the antiserum with the antigen, binding of the antiserum is blocked. Consecutive
cryostat sections; magnification X365; bar —50 ILM.
Fig. 11. Inner stripe of outer medulla. (A) Immunostaining for NHE-3 by antiserum #1314 shows that the luminal membranes of thick ascending limbs
(T) are heavily stained, collecting ducts (C) are unstained; descending thin limbs (asterisks), situated between thick ascending limbs and collecting ducts,
reveal a distinct staining of the luminal membrane, whereas descending limbs (o) situated at the periphery of vascular bundles (ascending venous vessels
are filled with fluorescing red blood cells) are unstained. (B) After preincubation of the aniserum with the immunogen, binding of antiserum is blocked.
Consecutive cryostat sections; magnifications x365; bar--- —50 xM.
tubule transition suggests that the distal convoluted tubule apical relation between apical membrane NHE-3 staining and Na/H
NHE isoform is not NHE-3. exchange activity in the proximal tubule and thick ascending limb.
Our study provides evidence for a close structure-function However, it is possible that other Na/H exchanger isoforms may
1214 Amemiya et at: NHE-3 expression in rat kidney
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Fig. 12. Cortical labyrinth: immunostaining for NHE-3, antipeptide anti-
serum #1566. The brush border is stained from the beginning of the
proximal tubule (P) at the urinary pole. The luminal membranes of the
macuta densa cells (MD) are weaker stained than those of thick ascending
limb cells. NHE-3 protein staining ceases sharply at the transition (arrow
heads) of the thick ascending limb (T) to the distal convoluted tubule (D).
Cryostat section; magnification x365; bar —50 JiM.
also contribute to apical membrane NHE activity in these seg-
ments. For instance in the early distal convoluted tubule, apical
membrane H secretion is clearly mediated by an isoform other
than NHE-3. Data obtained thus far do not support a role for the
other cloned Na/H exchanger isoforms in apical membrane H
transport. NHE-1 is a basolateral membrane protein in multiple
nephron segments [56]. NHE-2 appears to have higher transcript
level in kidney medulla than cortex in the rabbit [11]. In the rat,
NHE-2 transcript is low in abundance in the kidney in one study
[12] and absent in another [13]. In addition, NHE-2 also does not
exhibit the typical amiloride resistance of the proximal tubule
apical membrane Na/H exchanger when expressed in a heterolo-
gous system [57]. NHE-4 protein is localized to the basolateral
membrane of the collecting duct in both rat and rabbit, although
a recent preliminary study detected NHE-4 mRNA in rat cortical
tubule suspensions [58—60]. NHE-5 appears to be an isoform
present predominantly in the central nervous system, testis, and
spleen [16]. It remains possible that other yet unidentified iso-
forms may contribute to apical membrane Na/H exchange activity
in the nephron.
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